However, Ohbayashi and colleagues have recently identified that CMG-1 is broadly 1 0 1 distributed in both the cytoplasm and nucleus of GC-2 cells, a mouse pre-meiotic 1 0 2 spermatocyte-derived cell line. Moreover, CMG-1 is required for cell division and 1 0 3 niche interactions in the early stages of spermatogenesis in the testis (Ichiro 1 0 4
Ohbayashi et al., 2010). 1 0 5 1 0 6
Even though IFT74 is indispensable for the proliferation of male germ-line stem 1 0 7 cells in the mouse testis, the physiological roles of IFT74 in the process of 1 0 8 spermatogenesis remain largely unknown. Thus, conditional knockout strategy was 1 0 9
utilized to investigate the potential role of IFT74 in sperm flagella formation and male 1 1 0 fertility. With this approach, our laboratory has disrupted mouse Ift20, Ift25 and Ift27 1 1 1 genes in male germ cells in mice, and we found that all of them were required for 1 1 2 male fertility, spermiogenesis and sperm flagella formation. The study presented here 1 1 3 generated the male germ cell-specific Ift74 knockout mice by breeding floxed Ift74 1 1 4 mice with Stra8-iCre mice as previous studies reported. We discovered that the 1 1 5
conditional Ift74 knockout mice did not show any gross abnormalities, but complete 1 1 6 male infertility with dramatically decreased sperm counts and aberrant structures of 1 1 7 sperm heads and flagella were present. In the conditional Ift74 knockout mice, 1 1 8 expressions of IFT81 protein, an important IFT74 binding partner, and components of 1 1 9
other IFT complex such as IFT27, IFT57, IFT88 and IFT140 proteins were 1 2 0 significantly reduced. Our findings suggested that IFT74 is essential for normal 1 2 1 mouse spermatogenesis, sperm flagella formation and male fertility in mice. Mouse IFT 74 protein expression and localization in mice 1 2 5
IFT74 protein expression was examined in multiple mouse tissues including 1 2 6 heart, brain, spleen, lung, liver, kidney, muscle and testis by Western blot analysis 1 2 7 using a highly sensitive Femto system. While the IFT74 protein was present in the 1 2 8
other organs containing cilia-bearing cells, such as brain, lung, and kidney, it was 1 2 9
highly expressed in the testis (Fig. 1A) . The level of IFT74 protein was subsequently 1 3 0 evaluated in mouse testis at different times during the first wave of spermatogenesis. 1 3 1
The IFT74 protein was detectable beginning day 12, which exhibited a significant 1 3 2 increase in abundance from day 20 and after ( Fig. 1B) . In addition, immunofluorescence staining was conducted to investigate where the 1 3 5
IFT74 protein was localized in isolated germ cells from testis in wild-type mice. Non-1 3 6 specific staining was not observed in cells where no antibody was added ( Fig. 2Aa ). 1 3 7
In control mice, the specific IFT74 signal was strongly expressed not only in the 1 3 8
vesicles of spermatocytes and round spermatids (Fig. 2Ab, c ), but appeared also in the 1 3 9
acrosome and centrosome regions of elongating spermatids ( Fig. 2Ad; Fig. 2Bb ) and 1 4 0 in developing sperm tails (Fig. 2Ae) . The cells were further double stained with an 1 4 1 acrosome marker, the lectin peanut agglutinin, and IFT74 partially co-localized over 1 4 2 the acrosomal region ( Fig. 2Ba, b ). Generation of conditional Ift74 knockout mice 1 4 5
The expression pattern and localization of IFT74 suggested an essential role for 1 4 6 1 6 8 conditional Ift74 knockout mice. In Ift20 KO mice, ODF2 and SPAG16L, two sperm 3 1 0 flagella proteins, fail to be incorporated into sperm tails (Zhang et al., 2016) ; thus, the 3 1 1 potential role of IFT74 in the localization of these proteins remains to be determined. 3 1 2
Interestingly, expression pattern of a sperm fibrous sheath protein, A-Kinase anchor 3 1 3 protein (AKAP4) was changed in the absence of IFT74. Akap4 gene is translated as a 3 1 4 full length 110 kDa precursor (pro-AKAP4). The pro-AKAP4 should be transported 3 1 5 from cytoplasm to the fibrous sheath assemble site, presumably by IFT. A 26 kDa 3 1 6
peptide is processed out at the fibrous sheath assemble site, and the 84 kDa AKAP4 is 3 1 7 incorporated into sperm fibrous sheath (Johnson et al., 1997; Turner et al., 1999) . In 3 1 8
the wild-type mice testis, the AKAP4 seems to be the predominant form, and the pro-3 1 9
AKAP4 level is significant less than AKAP4. However, in the Ift74 knockout mice, 3 2 0 pro-AKAP4 became the predominant form. The reason might be that the pro-AKAP4 3 2 1
is not transported to the fibrous sheath assemble site due to disrupted IFT, and the 3 2 2
precursor is not processed. Much research remains if we are to learn how IFT74 3 2 3 modulates sperm structure. 3 2 4 3 2 5
In conclusion, we explored the role of IFT74 in mouse sperm development and 3 2 6
male fertility and the findings support that IFT74 is essential for mouse 3 2 7 spermatogenesis and specifically the sperm flagellum via the assembly of 3 2 8 microtubules during formation of the axoneme. By analyzing the expression of other 3 2 9
IFT components and sperm flagella proteins, we have concluded that IFT74 may 3 3 0 function as a core component of the IFT-B complex to modulate its stability and for 3 3 1 transporting the fibrous sheath precursor for sperm fibrous sheath formation. 3 3 2 3 3 3 breeding strategy used to generate germ cell-specific Ift20, Ift25 and Ift27 knockout 3 4 8 mice was used (Zhang et al., 2016; Liu et al., 2017; Zhang et al., 2017) . Briefly, three 3 4 9
Material and Methods
to four-month old Stra8-cre males were crossed with three to four-month old 3 5 0
Ift74 flox/flox females to obtain Stra8-iCre; Ift74 flox/+ mice. The three to four-month old 3 5 1
Stra8-iCre; Ift74 flox/+ males were crossed back with three to four-month old Ift74 flox/flox 3 5 2 females again, and the Stra8-iCre;Ift74 flox/flox were considered to be the homozygous 3 5 3 knockout mice (KO). Stra8-iCre; Ift74 flox/+ mice were used as the controls. Mice were genotyped by PCR using multiplex PCR mix (Bioline, Cat No. 3 5 6 BIO25043). To genotype the offspring, genomic DNA was isolated as described 3 5 7
previously (Keady et al., 2012) . The presence of the Stra8-iCre allele was evaluated 3 5 8
as previous study (Sadate-Ngatchou et al., 2008) , and Ift74 genotypes were 3 5 9
determined as described as previously. The following primers were used for 3 6 0 genotyping: Stra8-iCre forward: 5-GTGCAAGCTGAACAA CAGGA-3; Stra8-iCre 3 6 1 reverse: 5-AGGGACACAGCATTGGAGTC-3, and Ift74 wild-type primer 1:5-3 6 2 CTGAGTGAAAGTGGAGC-3; primer 2 ： 5-CAAGAAAGCTTGGGTCTAGAT-3; 3 6 3 KO primer 3: 5-GAATGCATGTGAAATACATTGTGAA-3; primer 4: 5-3 6 4 GAGAAAAGCAGTAATAGTTCTCATCTCC-3. Western blot analysis 3 6 7
All tissue samples from three to four-months old mice were homogenized on ice 3 To test fertility and fecundity, 6-week-old or 3-4 months old conditional Ift74 3 9 2 KO and control males were paired with adult wild-type females (3-4 months old). 3 9 3
Mating cages typically consisted of one male and one female. Mating behavior was 3 9 4
observed, and the females were checked for the presence of vaginal plugs and 3 9 5 pregnancy. Once pregnancy was detected, the females were put into separate cages. 3 9 6
Breeding tests for each pair lasted for at least three months. The number of pregnant 3 9 7 mice and the number of offspring from each pregnancy were recorded. 3 9 8 3 9 9
Spermatozoa counting 4 0 0
Sperm cells were collected and relocated in warm PBS from cauda epididymides 4 0 1 and fixed with 2% formaldehyde for 10 min at room temperature. Followed by 4 0 2 washing with PBS, sperm were suspended into PBS again and counted using a 4 0 3
hemocytometer chamber under a light microscope, and sperm number was calculated 4 0 4
by standard methods as we used previously (Zhang et al., 2006) . Spermatozoa motility assay 4 0 7
Sperm were collected from the cauda epididymides in warm PBS. Sperm 4 0 8 motility was evaluated using an inverted microscope (Nikon, Tokyo, Japan) on a pre-4 0 9
warmed slide with a SANYO (Osaka, Japan) color charge-coupled device, high-4 1 0 resolution camera (VCC-3972) and Pinnacle Studio HD (version 14.0) software. 4 1 1
Movies were taken at 15 frames/sec. For each sperm sample, ten fields were selected 4 1 2 for analysis. Individual spermatozoa were tracked using NIH Image J (National 4 1 3
Institutes of Health, Bethesda, MD) and the plug-in MTrackJ. Sperm motility was 4 1 4 calculated as curvilinear velocity (VCL), which is equivalent to the curvilinear 4 1 5 distance (DCL) traveled by each individual spermatozoon in one second (VCL = 4 1 6 DCL/t). 4 1 7 4 1 8
Histology on tissue sections 4 1 9
Adult mice testes and epididymides were fixed in 4% formaldehyde solution in 4 2 0
Phosphate-buffered saline (PBS), paraffin embedded, and sectioned into 5 μ m slides. 4 2 1
Haematoxylin and eosin staining was conducted using standard procedure. Histology 4 2 2 was examined using a BX51 Olympus microscope (Olympus Corp., Melville, NY, 4 2 3
Center Valley, PA), and photographs were taken with the ProgRes C14 camera 4 2 4 (Jenoptik Laser, Germany). 4 2 5 4 2 6
Isolation of spermatogenic cells and immunofluorescence analysis 4 2 7
Testis from adult mice were dissected in a 15 mL centrifuge tube with 5 mL 4 2 8 DMEM containing 0.5 mg/mL collagenase IV and 1.0 μ g/mL DNAse I (Sigma-4 2 9
Aldrich) for 30 min at 32°C and shaken gently. Then released spermatogenic cells 4 3 0
were washed one time with PBS after centrifuging for 5 min at 1000 rpm and 4°C, 4 3 1 and the supernatant was discarded. Afterwards, the cells were fixed with 5 mL of 4% 4 3 2 paraformaldehyde (PFA) containing 0.1 M sucrose and shaken gently for 15 min at 4 3 3 room temperature. After washing three times with PBS, the cell pellet was re-4 3 4
suspended with 2 mL PBS, loaded onto positively charged slides, and stored in a wet 4 3 5
box after the sample on slides air-dried. The spermatogenic cells were permeabilized 4 3 6 with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min at 37 °C, washed with PBS three 4 3 7
times and blocked with 10% goat serum for 30 min at 37°C. Then cells were washed 4 3 8
with PBS three times and incubated overnight with an anti-IFT74 antibody (1:200). 4 3 9
The primary antibodies used were the same as those used for Western blot analysis, 4 4 0 but the dilutions were 10 times higher. Following the secondary antibody incubation, 
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